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Summary
Background: Among the most prominent molecular constitu-
ents of a recycling synaptic vesicle is the clathrin triskelion,
composed of clathrin light chain (Clc) and clathrin heavy chain
(Chc). Remarkably, it remains unknown whether clathrin is
strictly necessary for the stimulus-dependent re-formation of
a synaptic vesicle and, conversely, whether clathrin-indepen-
dent vesicle endocytosis exists at the neuronal synapse.
Results: We employ FlAsH-FALI-mediated protein photoinac-
tivation to rapidly (3 min) and specifically disrupt Clc function
at the Drosophila neuromuscular junction. We first demon-
strate that Clc photoinactivation does not impair synaptic-ves-
icle fusion. We then provide electrophysiological and ultra-
structural evidence that synaptic vesicles, once fused with
the plasma membrane, cannot be re-formed after Clc photo-
inactivation. Finally, we demonstrate that stimulus-dependent
membrane internalization occurs after Clc photoinactivation.
However, newly internalized membrane fails to resolve into
synaptic vesicles. Rather, newly internalized membrane forms
large and extensive internal-membrane compartments that are
never observed at a wild-type synapse.
Conclusions: We make three major conclusions. (1) FlAsH-
FALI-mediated protein photoinactivation rapidly and specifi-
cally disrupts Clc function with no effect on synaptic-vesicle
fusion. (2) Synaptic-vesicle re-formation does not occur after
Clc photoinactivation. By extension, clathrin-independent
‘‘kiss-and-run’’ endocytosis does not sustain synaptic trans-
mission during a stimulus train at this synapse. (3) Stimulus-
dependent, clathrin-independent membrane internalization
exists at this synapse, but it is unable to generate fusion-
competent, small-diameter synaptic vesicles.
Introduction
The rapid, stimulus-dependent re-formation of synaptic vesi-
cles is essential for the sustained function of the nervous
system. Perhaps the most prominent molecular feature of a re-
cycling synaptic vesicle is the clathrin coat, formed from inter-
linking triskelia composed of clathrin light chain (Clc), clathrin
heavy chain (Chc), and associated adaptor proteins [1]. De-
spite this, the precise function of Clc and Chc during synap-
tic-vesicle re-formation has remained difficult to define. For
example, it remains unknown whether clathrin (Clc or Chc) is
strictly necessary for stimulus-dependent re-formation of syn-
aptic vesicles and, conversely, whether clathrin-independent
*Correspondence: gdavis@biochem.ucsf.eduvesicle endocytosis exists at neuronal synapses. There is evi-
dence that assembly of clathrin and AP2 is necessary for mem-
brane curvature during the process of vesicle budding in non-
neuronal cells [2], most likely functioning in concert with other
adaptor proteins such as epsin and endophilin [3, 4]. The im-
portance of clathrin is further underscored by the observation
that AP2 and epsin are not sufficient to generate membrane
curvature in HeLa cells depleted of clathrin by RNA interfer-
ence (RNAi) [2]. However, the degree to which clathrin controls
membrane curvature and how disruption of clathrin might
affect synaptic-vesicle formation in vivo is not known [5–7].
The lack of information regarding clathrin function at synap-
ses has been the source of numerous hypotheses regarding
the molecular pathways responsible for synaptic-vesicle
re-formation. Clathrin-independent endocytosis has been
invoked as a molecular hallmark for the proposed ‘‘kiss-and-
run’’ mode of vesicle recycling. In other studies, the formation
of internalized, endosome-like membrane compartments has
been proposed to occur in a clathrin-independent manner,
allowing a synapse to recover membrane when the demands of
vesicle recycling exceeds the capacity of the clathrin-depen-
dent-endocytosis mechanisms [5, 6, 8–12]. Although biochem-
ical data support such a model [13], we do not know whether
clathrin is necessary for the formation of the endosome-like
compartments and we do not know whether clathrin is re-
quired for the budding of new synaptic vesicles from these
internal compartments, though clathrin is observed at sites of
budding from endosomes [6].
A recent study used gene-specific RNAi to knock down cla-
thrin-heavy-chain protein in cultured hippocampal neurons to
address clathrin function during synaptic-vesicle endocytosis
[14]. After Chc RNAi, synaptic vesicles released during a short
stimulus train (four action potentials) were not internalized and
reacidified, as monitored by the quenching of pH-sensitive
green fluorescent protein (GFP) localized to the luminal do-
main of the synaptic vesicle (synaptopHluorin). However, in
this study, longer stimulus trains did show evidence of signif-
icant GFP reacidification and, therefore, vesicle recycling. Fur-
thermore, vesicle reacidification was assayed only over a short
time interval (120 s). Therefore, it remains unknown whether
synaptic vesicles can ultimately be re-formed after clathrin
depletion or inhibition. In addition, the fate of internalized
membrane, if it occurs, was not defined.
To address these questions, and to further define the func-
tion of clathrin during synaptic-vesicle recycling, we have
acutely photoinactivated Clc in a time frame of seconds to
minutes by using the transgenically encoded FlAsH-FALI tech-
nique [15–17]. This technique is based on the use of a six
amino acid tetracysteine epitope tag (4C) that covalently binds
the membrane permeable fluoresceine derivative FlAsH-EDT2
(commercial name Lumio, referred to from here on as Lumio
[18]). When excited with fluorescent light, Lumio bound to
the tetracysteine tag inactivates the tagged protein with
a half-maximal distance of approximately 40 A˚ through the
generation of transient reactive oxygen species [19]. In
Drosophila, this technique was previously used for the rapid
and specific photoinactivation of the Synaptotagmin 1 pro-
tein (Syt1) [15–17]. Here, we apply this same technique to
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402Figure 1. Clc4C Expression and Photoinactivation Do Not Alter NMJ
Morphology or Vesicle Release
(A) Diagram of a clathrin triskelion (left) and an assembled clathrin lattice
(right) upon which is diagrammed the approximate number and distribution
of 4C epitope tags (yellow stars).
(B) A wild-type NMJ (left) and an NMJ with neuronal expression of UAS-
Clc4C (second from left; Clc4C) are stained with anti-Clc and imaged iden-
tically. The scale bar represents 5 mM. An NMJ with neuronal expression ofphotoinactivate Clc at the Drosophila neuromuscular junction
(NMJ). Our data support a model in which stimulus-dependent
membrane internalization persists after Clc photoinactivation,
but newly internalized membrane is incapable of forming new,
fusion-competent, synaptic vesicles.
Results
We have tagged the amino terminus of theDrosophila clathrin-
light-chain gene with a six amino acid tetracysteine motif
(Clc4C) and placed this transgene under the control of the up-
stream activation sequence (UAS) promoter to enable GAL4-
dependent transgene expression (UAS-Clc4C). Clc is almost
ideally suited as a target for Lumio-FALI-mediated protein
photoinactivation. Because Clc assembles into a clathrin lat-
tice, sites of photoinactivation will be widely distributed within
an individual lattice composed of multiple triskelia (Figure 1A,
right). Therefore, even if photoinactivation does not damage
every Clc protein, or if not every Clc protein is bound by the Lu-
mio ligand, the accumulated affect of Clc photoinactivation
should severely perturb or prevent formation of the multisub-
unit clathrin lattice. Furthermore, clathrin assembly into a sub-
membranous lattice is a highly cooperative process [20],
which again favors our ability to functionally disrupt clathrin
with protein photoinactivation.
Mutations in the clc gene are not available and, as a result,
we were unable to replace the clc gene with UAS-Clc4C
expression. However, it was previously shown that overex-
pression of epitope-tagged Clc in mammalian cells effectively
replaced endogenous Clc protein [21]. We find a similar result
at the Drosophila NMJ. When UAS-Clc4C is expressed in neu-
rons, we find significant Lumio staining of Clc4C at the NMJ,
demonstrating efficient expression and trafficking of Clc4C
to synapses (Figures 1B and 1D). When these same animals
are stained with a Clc antibody (Figure 1B), we find that total
synaptic Clc levels at the NMJ are unchanged compared to
those of the wild-type (WT = 100%6 0.84% compared to neu-
ronally expressed UAS-Clc4C = 101% 6 0.7%; Student’s t
test, p = 0.64). A quantitatively identical result was also
obtained by overexpression of UAS-Clc-GFP (Figure 1B).
Clc-GFP is efficiently trafficked to the NMJ, and total Clc levels
at these NMJs are 98%6 0.9 that of wild-type levels (p = 0.65).
These data are consistent with the conclusion that Clc levels
are tightly regulated within Drosophila motoneurons and that
Clc transgene overexpression can replace the majority of
endogenous Clc protein.
Next, we asked whether expression of UAS-Clc4C had any
effect on baseline NMJ development or function. Loss-of-
function mutations in endocytic adaptor proteins have been
shown to alter NMJ morphology, causing the appearance of
characteristic highly ramified satellite boutons [22, 23]. NMJ
morphology is normal after UAS-Clc4C overexpression, con-
sistent with normal synapse development and normal mecha-
nisms of endocytosis at the NMJ (Figure 1B; Figure S1
UAS-Clc4C (third from left;Clc4C) is shown stained with Lumio. At far right is
an NMJ expressing UAS-Clc-GFP.
(C) Representative EPSPs (top) and spontaneous miniature release events
(bottom) prior to (preinactivation) and after (postinactivation) illumination.
(D) An NMJ expressing UAS-Clc4C in neurons is shown labeled with Lumio
prior to (preinactivation) and after (postinactivation; stained with anti-Clc
because the Lumio channel has been bleached to extinction) illumination.
There is no apparent change in Clc distribution after photoinactivation.
The scale bar represents 5 mM.
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403available online). When we assayed baseline synaptic trans-
mission at NMJs expressing UAS-Clc4C in neurons, we found
that excitatory postsynaptic potential (EPSP) amplitudes are
wild-type (EPSP amplitude: 54.5 mV6 1.9 mV in wild-type ver-
sus 55.6 mV 6 8.8 mV in Lumio-labeled UAS-Clc-4C-express-
ing synapses; p > 0.3). However, we do observe a statistically
significant increase in spontaneous miniature EPSP (mepsp)
amplitude atUAS-Clc4C-expressing NMJs (0.98 mV6 0.04 mV
in the wild-type versus 1.57 mV 6 0.36 mV in Lumio-labeled
UAS-Clc-4C-expressing synapses). Increased mepsp ampli-
tude correlates with a significant increase in synaptic-vesicle
diameter (33% increase in average vesicle diameter; p < 0.001;
see ultrastructural data below). However, as shown below, with
both synaptic electrophysiology and electron microscopy, the
synaptic-vesicle-pool size is robust at UAS-Clc4C-expressing
NMJs, and the presynaptic terminal can effectively sustain pro-
longed high-frequency stimulation in a manner quantitatively
similar to that observed in the wild-type. These data indicate
that any potential adverse effect of UAS-Clc4C expression on
synaptic-vesicle formation is modest. We conclude neuronal
expression of UAS-Clc4C expression significantly replaces
endogenous Clc protein and functions effectively, though not
perfectly, during synaptic-vesicle recycling.
We next assayed the effect of Clc4C photoinactivation on
evoked synaptic transmission. We previously demonstrated
that photoinactivation of 4C-tagged synaptotagmin 1 (Syt14C)
blocked evoked synaptic transmission after 30 s of illumination
(488 nm light; wide-field microscopy) [15]. By contrast, photo-
inactivation of Clc4C (3 min of illumination at 488 nm, wide-field
illumination, bleaching Clc4C to extinction) does not alter
evoked synaptic transmission (EPSP amplitude is 57.5 mV 6
9.6 mV prior to photoinactivation versus 51.4 mV6 5.4 mV after
photoinactivation; p > 0.4) or the amplitude of spontaneous min-
iature release events (mepsp amplitude is 1.57 mV 6 0.36 mV
prior tophotoinactivation versus 1.23 mV60.42 mV afterphoto-
inactivation) (Figure 1C). We also demonstrate that the localiza-
tion of Clc protein is unaffected by photoinactivation (Figures
1B and 1D). Because Clc4C photoinactivation does not alter
evoked transmission or mepsp amplitude (or rate; data not
shown), we conclude that the damaging effects of Clc4C illumi-
nation do not extend to neighboring proteins, such as Syt1 or
SNAREs, within the synaptic-vesicle pool that are necessary
forsynaptic-vesicle fusion. This is consistent with the restriction
of Lumio-FALI-mediated photoinactivation to a small radius,
primarily affecting the epitope-tagged Clc4C protein [15].
Clc Photoinactivation Blocks Synaptic-Vesicle Recycling
To examine whether Clc4C photoinactivation affects synaptic-
vesicle recycling, we first tested the ability of NMJs to maintain
synaptic transmission during repetitive stimulation (8 Hz) in
high extracellular calcium saline (2 mM extracellular Ca2+).
Control NMJs expressing UAS-Clc4C were labeled with Lumio
but did not experience illumination (photoinactivation). Exper-
imental NMJs were identical, except they received photoinac-
tivation (3 min, 488 nm illumination). NMJs that are labeled with-
out photoinactivation are able to stably maintain large EPSP
amplitudes throughout a train of 6000 stimuli at 8 Hz (Figures
2A, 2B, and 2D). After the cessation of stimulation, these
EPSP amplitudes recover toward prestimulus levels within
1 min (Figure 2B). Identical control results were obtained for
wild-type NMJs that experienced illumination without Lumio la-
beling and for wild-type NMJs that were incubated in Lumio
and experienced illumination (Figure S2). In all control experi-
ments, EPSP amplitudes were maintained during the stimulustrain. In contrast, NMJs that experience Clc4C photoinactiva-
tion show rapid depression of EPSP amplitudes that, on aver-
age, reach 0 mV during a 6000-pulse stimulus train (Figures
2A, 2B, and 2D). A significant difference in depression is ob-
served within the first 2 s of stimulation, demonstrating an im-
mediate effect on vesicle recycling (Figure 2C). After the stimu-
lus train, photoinactivated NMJs do not recover (Figure 2B),
even when the recovery period is prolonged for 6 min. Finally,
the rate of synaptic depression after Clc4C photoinactivation
mimics that observed in the temperature-sensitive dynamin
mutant shibireTS2 held at the nonpermissive temperature
(34C), which blocks synaptic-membrane recycling (Figure 2A).
EPSP amplitudes at shibire mutant terminals recover after re-
turn to the permissive temperature (22C) (data not shown).
Taken together, these data indicate that Clc photoinactivation
blocks synaptic-vesicle recycling.
If we have depleted the synaptic-vesicle pool and blocked
vesicle recycling, then we expect mepsps to be eliminated in
parallel with evoked release. After the stimulus train, control
NMJs have mepsps of normal amplitude and frequency
(Figure 2F). In contrast, photoinactivated NMJs that experience
6000 stimuli are virtually devoid of mepsps (Figure 2F), consis-
tent with the depletion of the vesicle pool. At some NMJs, we
observe residual mepsps that occur with significantly smaller
amplitudes than those observed in controls (Figure 2E; average
mepsp size decreases from 1.57 mV6 0.36 mV prior to photo-
inactivation to 0.44 mV 6 0.14 mV after photoinactivation and
synaptic stimulation). Because the average EPSP amplitude
asymptotes at zero just prior to the end of the stimulus train,
and because residual mepsps were not observed in every re-
cording, we hypothesize that these residual events represent
synaptic vesicles that would eventually be released if we had
continued stimulation for several additional minutes. Alterna-
tively, because EPSP amplitudes fail to recover after the end
of the stimulus train, these residual mepsps could represent
vesicles present at release sites that are incapable of evoked
vesicle release but that still undergo spontaneous vesicle fu-
sion. Again, these results are consistent with the conclusion
that Clc4C photoinactivation blocks vesicle recycling.
Next, we explored how partial Clc photoinactivation affects
synaptic-vesicle recycling. First, we shortened the duration of
Lumio illumination to 20 s (partial bleaching and partial photo-
inactivation) and quantified the effects on synaptic transmis-
sion during a train of 6000 stimuli at 8 Hz (Figure 2G). NMJs ex-
periencing partial photoinactivation show an initially high rate
of synaptic-vesicle depletion. However, after the first 200 s,
transmission at partially photoinactivated NMJs becomes
identical to the response of NMJs without photoinactivation.
This result indicates that synaptic-vesicle recycling is initially
impaired but then resumes at a normal rate. As expected,
the initial disruption of endocytosis is not as severe as that
observed after complete Clc photoinactivation (compare the
second time points in Figures 2A and 2G).
In another series of experiments, we completely photoinac-
tivated Clc4C (bleached to extinction) and then delivered se-
quential stimulus trains of 100, 200, and 500 stimuli (20 Hz).
Each short stimulus train was followed by a recovery period
of low-frequency stimulation (0.2 Hz). In this experiment,
each stimulus train caused pronounced synaptic depression,
consistent with endocytic blockade after Clc photoinactivation
(Figure 2H). However, we now observe significant recovery
of EPSP amplitudes after each train (% average recovery:
22.7%6 1.8% for 100 EPSP train; 44.8%6 3.0% for 200 EPSP
train; 136.6% 6 17.7% for 500 EPSP train). The recovery of
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the mobilization of reserve pool vesicles after depletion of
the readily releasable pool. The gradual reduction of baseline
EPSP amplitude (average EPSP amplitude for the first EPSP
of each successive stimulus train) is consistent with the incom-
plete recovery of the releasable pool during endocytic block-
ade, as previously documented at the Drosophila NMJ [24].
These data argue that complete photoinactivation of Clc4C
does not disrupt the normal processes of vesicle mobilization
or release. Taken together, our data indicate that photoinacti-
vation of Clc specifically and completely blocks synaptic-
vesicle recycling at the Drosophila NMJ.
Altered Membrane Internalization
after Clc Photoinactivation
We next addressed whether membrane can be internalized
after Clc photoinactivation. Experimental NMJs were Lumio
Figure 2. Clc4C Photoinactivation Prevents
Vesicle Recycling
(A) NMJs expressing UAS-Clc4C and labeled
with Lumio received 6000 stimuli at 8 Hz after
a 3 min period when the NMJ was either illumi-
nated at 488 nm (Inactivated Clc) or not illumi-
nated (No inactivation). Ten sequential EPSPs
were averaged every 30 s, normalized to the ini-
tial average EPSP amplitude, and plotted versus
time. NMJs without photoinactivation sustained
EPSP amplitudes, whereas photoinactivated
NMJs show pronounced synaptic depression
until EPSPs are abolished. EPSP amplitudes
recorded from shibirets2 mutant terminals, held
at the nonpermissive temperature (34C), show
identical depression (red).
(B) Representative EPSPs from (A) including
EPSPs sampled 5 s after cessation of the stimu-
lus train.
(C) Quantification of EPSP amplitude during stim-
ulation at 8 Hz in the same Lumio-labeled Clc4C-
expressing animals prior to (circles) and after
(squares) illumination.
(D) Representative stimulus trains such as those
used for the generation of the data in (A).
(E) Spontaneous miniature release event ampli-
tude (mepsp) distributions are plotted for NMJs
prior to and after photoinactivation and rundown
(6000 stimuli at 8 Hz as in [A]).
(F) Representative mepsp traces from (E).
(G) Data were collected and plotted as in (A) ex-
cept that the NMJs received 20 s of illumination
at 488 nm (partial photoinactivation).
(H) Data are plotted as in (A). After 3 min of illumi-
nation at 488 nm, NMJs received three succes-
sive stimulus trains: 100 stimuli at 20 Hz followed
by recovery stimulation at 0.2 Hz; 200 stimuli at
20 Hz followed by recovery stimulation at 0.2 Hz;
and 500 stimuli at 20 Hz followed by recovery
stimulation at 0.2 Hz. Data are presented as aver-
age (6 standard error of the mean [SEM]).
labeled and photoinactivated for 3 min
prior to delivery of a stimulus train to
achieve complete vesicle depletion
(6000 stimuli at 8 Hz). Control NMJs
were labeled with Lumio but did not re-
ceive illumination prior to stimulation.
In each case, stimulated NMJs were al-
lowed to recover for 1 min prior to
fixation. Control NMJs show robust synaptic-vesicle pools
that are indistinguishable from wild-type NMJs (Figure 3A).
Synaptic vesicles of uniform diameter fill synaptic boutons
and cluster around active zones (Figure 3A). In contrast, pho-
toinactivated NMJs show a dramatic phenotype of altered
membrane internalization (Figures 3B and 3B0). Many synaptic
boutons are completely filled will large-diameter membrane
compartments and apparent sheets of membrane. Other bou-
tons are completely devoid of synaptic vesicles (Figure 3B00).
Neither phenotype has ever been observed in our hands at
wild-type Drosophila NMJs [17, 25, 26].
It is possible that these large internal-membrane structures
are formed via an autophagy-like process that consumes the
plasma membrane. However, the peripheral plasma mem-
brane of the bouton appears intact ultrastructurally. In addi-
tion, we show that gross NMJ morphology, neuronal-
plasma-membrane markers, and a marker of the synaptic
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(A) A control NMJ (Lumio-labeled, UAS-Clc4C-expressing NMJ without photoinactivation) is shown. The NMJ was fixed after 6000 stimuli at 8 Hz and 1 min
rest. NMJ ultrastructure is normal (n = 2 NMJ, sections from 10 boutons/NMJ). Insets are at 43 magnification.
(B–B00) Representative sections of Lumio-labeled UAS-Clc4C-expressing NMJs after photoinactivation and stimulation as in (A). In (B) and (B0), the synaptic
bouton is filled with sheets of membrane that form large, elongated membrane compartments. In (B00), a synaptic bouton is observed that is devoid of all
synaptic vesicles. Control bouton profiles without synaptic vesicles were never observed. The scale bar represents 500 nm.active zone (Bruchpilot [Brp]) all appear normal at the light
level after Clc4C photoinactivation and stimulation (6000 stim-
uli at 8 Hz in 2 mM Ca2+ saline) (Figure S1). From these data, we
conclude that the large internal-membrane structures are
likely derived from aberrantly internalized recycling synaptic
membranes.
Next, we asked whether the large internal-membrane struc-
tures are continuous with the synaptic plasma membrane. To
address this issue, we first completely photoinactivated
Clc4C and then stimulated the NMJ in the presence of FM4-
64. Photoinactivated NMJs load FM4-64 as well as Clc-
expressing NMJs that lack photoinactivation (Figure 4). How-
ever, FM4-64 cannot be washed from the synaptic membranes
of photoinactivated NMJs, indicating that the dye has been
internalized into membrane compartments that are no longer
open to the extracellular media (Figure 4, left images are taken
after 15 min of continuous washing with 0 mM Ca2+ HL3 at
4C). We also demonstrate that dramatically less FM4-64 is re-
released from photoinactivated NMJs compared to controls.
Only 27.5% 6 5.4% of loaded FM was rereleased by high po-
tassium stimulation at photoinactivated terminals compared
to 64.3% 6 4.8% of loaded FM4-64, which was rereleased
from control terminals. Together, these data indicate that the
large internal-membrane compartments, observed at the elec-
tron microscopy (EM) level, are derived from recently internal-
ized, recycling, synaptic plasma membrane. Furthermore,these large internal-membrane structures, once formed, do
not readily re-fuse with the synaptic plasma membrane. In-
deed, if some membrane fusion occurs, as evidenced by small
amounts of FM4-64 release, these fusion events do not release
glutamate because there is no electrophysiological recovery
from photoinactivation and stimulation (see above). Finally,
the observation that FM4-64 cannot be washed from NMJs
after stimulus-dependent loading suggests that membrane
fission occurs after Clc4C photoinactivation. This conclusion
is further supported by the observation that synaptic terminals
do not passively load with FM4-64 if the dye is applied after
photoinactivation and stimulation (data not shown). How-
ever, we cannot completely rule out the possibility that these
internal compartments remain continuous with the plasma
membrane.
To further examine the phenotype of membrane internaliza-
tion after Clc4C photoinactivation, we performed an ultrastruc-
tural analysis of photoinactivated NMJs that experienced
partial rundown (Figure 5). We hypothesize, based upon our
electrophysiological data, that we might observe a small num-
ber of enlarged presynaptic membrane compartments at other-
wise normal active zones. Two controls were performed: (1)
NMJs were Lumio labeled and stimulated without illumination
(stimulation control) and (2) NMJs were labeled and illuminated
but were not stimulated (Lumio reagent control). Control NMJs
show normally distributed synaptic vesicles and vesicles of
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406Figure 4. FM4-64 Can Be Loaded but Cannot Be
Rereleased after Clc4C Photoinactivation
(A) The top images show a control NMJ (UAS-
Clc4C-expressing, Lumio-labeled NMJ, without
photoinactivation) that received 6000 stimuli at
8 Hz in the presence of FM4-64. Efficient, stimu-
lus-dependent loading of FM4-64 is observed
(left), and greater than 60% of the FM4-64 can
be unloaded from the nerve terminal after a sec-
ond round of stimulation with high potassium sa-
line lacking FM4-64 (right). Lower images show
aUAS-Clc4C-expressing NMJ that was Lumio la-
beled and photoinactivated prior to stimulation in
the presence of FM4-64. Efficient FM4-64 loading
is observed (left). However, subsequent stimula-
tion in the absence of FM4-64 fails to release
significant amounts of internalized FM4-64. The
scale bar represents 5 mM.
(B) Data from experiments as in (A) are quantified.
There is no difference in the loading of FM4-64
comparing photoinactivated NMJs to control
(left). There is significantly less FM4-64 unloading
after Clc4C photoinactivation (p < 0.01). Data
represent average (6SEM).consistent size (Figures 5A, 5B, 5D, and 5E). In contrast, NMJs
that received both photoinactivation and stimulation showed
a significant phenotype of altered vesicle diameter (Figures
5C, 5D, and 5E) and aberrant membrane internalization
(Figure 5F). The stimulus control, as well as the Lumio control
NMJs, displayed a modest increase in average vesicle diameter
compared to wild-type synapses (40.46 0.1 nm and 40.06 0.2
nm, respectively, versus 30.1 6 0.4 nm in the wild-type [17]).
Thus, neuronal expression of Clc4C has a small, statistically
significant effect on vesicle diameter. However, Clc4C-ex-
pressing synapses that were Lumio labeled, photoinactivated,
and stimulated showed a dramatic additional increase in aver-
age vesicle diameter (55.06 1.1 nm, p < 0.001). Further inspec-
tion of individual boutons revealed many large membranous
structures with diameters up to 260 nm (Figures 5C and 5E).
These large vesicles are reminiscent of the cisternae that accu-
mulate in synapses of several species after intense stimulation
[8, 27, 28]. Again, the enlarged internal-membrane compart-
ments appear to be nonfunctional because we do not observe
enlarged mepsp events, even infrequently, after this protocol
(Figure 1 and data not shown). Interestingly, we occasionally
observed anomalous internalization of the presynaptic mem-
brane, forming loop-like structures of unusual membrane to-
pology (Figure 5F). These data suggest that the process of
stimulus-dependent membrane internalization is aberrant in
the absence of clathrin. We hypothesize, therefore, that bulk-
membrane internalization can occur in the absence of clathrin
but that the mechanism might normally include clathrin-
dependent regulation.
Discussion
Here, we provide data that advances our understanding of cla-
thrin function at neuronal synapses in several fundamental
ways. First, we provide evidence that stimulus-dependent
synaptic-vesicle re-formation is blocked after Clc photoin-
activation. We then examine membrane recycling at theultrastructural level. We show that clathrin-independent mech-
anisms of membrane internalization exist at the Drosophila
NMJ, but these mechanisms are unable to generate fusion-
competent, small-diameter synaptic vesicles. Thus, vesicle
re-formation requires clathrin, and, by extension, clathrin-
independent vesicle re-formation does not occur at the
Drosophila NMJ.
Specificity of Lumio-FALI-Mediated Protein
Photoinactivation
Several observations indicate that Clc4C photoinactivation
does not cause distributed, nonspecific damage to other pro-
teins in the presynaptic nerve terminal. First, photoinactivation
of Clc4C specifically disrupts synaptic-vesicle recycling, as
predicted, without altering baseline vesicle release in re-
sponse to single action potentials delivered at low frequency
(Figure 1). In contrast, our prior work demonstrated that photo-
inactivation of Syt1 (Syt14C) substantially disrupts evoked
transmitter release in seconds [15]. Thus, the photoinactiva-
tion phenotypes that we observe are specific to the targeted
protein, arguing against nonspecific, widespread damage in
the presynaptic nerve terminal. Second, when we completely
photoinactivate Clc4C and deliver a short stimulus train,
EPSP amplitudes are observed to recover toward baseline
amplitudes (Figure 2). This is consistent with normal vesicle
mobilization from the reserve pool to repopulate the readily re-
leasable pool of synaptic vesicles at the Drosophila NMJ [24].
Thus, the mechanisms of vesicle mobilization remain intact
despite Clc photoinactivation. Finally, the general architecture
of the NMJ remains normal at the light level after complete
photoinactivation and depletion of the vesicle pool (Figure S1).
In summary, although we can not rule out collateral protein
damage altogether, our data are consistent with prior studies
suggesting that Lumio-FALI-mediated protein photoinactiva-
tion can disrupt the function of a 4C-tagged protein with
remarkable specificity, and with the spatial and temporal
precision of light [15, 29].
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(A) A representative example of aUAS-Clc4C-expressing NMJ that was labeled with Lumio but not photoinactivated prior to stimulation (30 s at 50 Hz). NMJ
ultrastructure is normal.
(B) A representative example of a UAS-Clc4C-expressing NMJ that was Lumio labeled and photoinactivated without stimulation. NMJ ultrastructure is
normal.
(C) A representative example of a UAS-Clc4C-expressing NMJ that was Lumio labeled, illuminated for 3 min at 488 nm, and stimulated (30 s at 50 Hz). The
synaptic bouton contains numerous enlarged, circular membrane compartments.
(D) Quantification of the diameter of all vesicle-like structures (including synaptic vesicles) within a 500 nm radius of an active zone, defined as opposing pre-
and postsynaptic densities with the presence of a T bar structure and clustered synaptic vesicles. Experimental conditions are as described in (A). Photo-
inactivation results in a significant increase in average vesicle diameter (p < 0.001; error bars are too small to be reproduced on the graph).
(E) Distribution of vesicle diameters for data in (D). Control distributions are superimposed.
(F) An NMJ from an experiment as in (C), where the NMJ received 3000 stimuli at 10 Hz, showing evidence of aberrant membrane internalization.Implications for the Kiss-and-Run Model
of Synaptic-Vesicle Endocytosis
It has been proposed that synaptic vesicles can transiently
fuse with the plasma membrane, release their contents into
the synaptic cleft, and reinternalize in a dynamin-dependent
but clathrin-independent manner. This mechanism of vesicle
recovery, termed kiss and run, is proposed to account for
a significant fraction of internalized synaptic vesicles at mam-
malian central synapses [30, 31], (for review see [13]). How-
ever, recent work examining vesicle recycling at mammalian
hippocampal synapses depleted of clathrin with gene-spe-
cific RNAi demonstrates that the reacidification of pH-sensi-
tive synaptophluorin GFP is blocked after a short train ofaction potentials (4 stimuli) [14], a result inconsistent with
the kiss-and-run hypothesis.
A second line of experimentation has been used to argue
that kiss and run can sustain synaptic transmission even in
the background of an endophilinA mutation [32]. At the
Drosophila NMJ, two independent studies demonstrate that
80%–90% of the synaptic-vesicle pool is depleted during pro-
longed synaptic stimulation in endophilinA mutant animals.
Both studies demonstrate that residual vesicle release can
persist for prolonged periods of time (>10 min) [32, 33]. How-
ever, these studies ultimately arrive at different conclusions,
based in part upon differing results from FM-dye-uptake
experiments. One study concludes that kiss-and-run
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408endocytosis sustains low levels of vesicle recycling in the
endophilinA mutant, whereas the other study concludes that
persistent release is achieved by crippled clathrin-dependent
endocytosis. Here, we demonstrate that the synaptic-vesicle
pool at theDrosophilaNMJ can be completely depleted during
a stimulus train after Clc photoinactivation. Furthermore, the
rate of vesicle depletion is identical to that observed in a dyna-
min mutant background. When we considered this in combi-
nation with our ultrastructural data, we concluded that synap-
tic vesicles cannot be re-formed in the absence of functional
Clc. Therefore, if kiss and run is defined as a clathrin-indepen-
dent form of synaptic-vesicle recycling, then we find no evi-
dence for the existence of kiss and run at the Drosophila NMJ.
Clathrin-Independent Membrane Internalization Fails
to Form Synaptic Vesicles
It has been proposed that additional mechanisms of endocy-
tosis exist at neuronal synapses that can be engaged during
periods of prolonged nerve stimulation [5, 6, 8, 12]. Here, we
demonstrate the stimulus-dependent formation of large inter-
nal-membrane compartments within synapses after Clc pho-
toinactivation. Because the distribution of synaptic antigens
such as anti-Brp and anti-HRP is grossly unaffected at the light
level and the decay of EPSP amplitudes during a stimulus train
is quantitatively similar to that observed after nerve stimulation
in dynamin mutant animals, we propose that these internal-
membrane structures represent reinternalized membrane
rather than the aberrant fusion of synaptic vesicles within the
nerve terminal. Interestingly, in the dynamin1 knockout, inter-
connected tubules of recycling membrane are capped by cla-
thrin-coated buds of relatively uniform dimension (though not
as uniform as the normal vesicle population) [27]. In contrast,
the compartments observed after Clc photoinactivation lack
any tubule-like restriction. These data suggest that clathrin
normally participates in establishing the dimensions of inter-
nalized membrane, perhaps through the early recruitment of
essential adaptor proteins.
Remarkably, our combined electrophysiological and ultra-
structural data demonstrate that the large internal-membrane
compartments that form after Clc4C photoinactivation and
nerve stimulation are unable to resolve into functional synaptic
vesicles within 6 min, a time frame that is normally sufficient to
repopulate a significant fraction of the synaptic-vesicle pool at
wild-type synapses [16, 34, 35]. Thus, the resolution of these
internal-membrane compartments into synaptic vesicles
requires clathrin. It is possible that these unusual membrane
structures represent dramatically enlarged compartments
that are normally limited by clathrin function. However, be-
cause membrane topology can be quite unusual at the EM
level after Clc4C photoinactivation and stimulation (Figure 5),
we hypothesize that clathrin normally imposes some form of
regulation on bulk membrane endocytosis, though not being
strictly necessary for this process.
Experimental Procedures
The UAS-Clc4C transgene was generated by fusion of a 6 aa epitope
(CCPGCC) in frame to the amino terminus of a Clc complementary DNA
(cDNA) via polymerase chain reaction (PCR) and cloned into the pUAS-t vec-
tor. A homozygous viable insertion on the second chromosome (UAS-
Clc4C2A) was used throughout. Both the UAS-Clc4C and UAS-Clc-GFP
(Bloomington stock #7107) transgenes were expressed presynaptically
with the elaVc155-GAL4 (Bloomington stock #458) andSca-GAL4 transgenes
[36]. All experiments were performed at third-instar stage at muscles 12 and
13 unless otherwise indicated. For Lumio photoinactivation experiments,dissected animals were either incubated for 15 min in Lumio solution (HL3
saline containing 0 mM Ca2+, 15 mM ethanedithiol [EDT], and 2 uM Lumio,
available from Invitrogen) or a mock-Lumio solution (HL3 saline containing
0 mM Ca2+ and 15 mM EDT), and were then rinsed twice in HL3 containing
0 mM Ca2+ and 250 mM EDT for 10 min for the removal of unbound Lumio
[16]. Larvae were transferred back to HL3 saline before imaging, fixation
for EM, or electrophysiology.
Microscopy
Larvae were prepared for electron microscopy after stimulation by conven-
tional procedures as described previously [26]. For quantification, the diam-
eters of vesicular structures within 500 nm of each presynaptic active zone
were measured. Multiple synaptic boutons from at least two animals from
each genotype were analyzed.
Live imaging was done on a Zeiss Axioskop 2 microscope with a water-
immersion objective (633, 0.90 NA) with SlideBook software (Intelligent
Imaging Innovations). Images were acquired with a cooled CCD camera
including a back-thinned EEV57 chip (Roper Scientific), or a Cascade
512b (Roper Scientific). Imaging of fixed tissue was performed as previously
described [17].
Electrophysiology
Recordings were made from muscles 12 and 13 in abdominal segment
A2–A3 of third-instar larvae with sharp electrodes (15–20 MU), at indicated
calcium concentrations, as previously described [15].
FM4-64 Experiments
After Lumio labeling, NMJs either received photoinactivating illumination
(3 min 488 nm illumination) or a 3 min rest period. In both cases, the motor
nerve was stimulated for 12.5 min at 8 Hz in HL3 containing 2 mM Ca2+ and
5 mM FM4-64 (Molecular Probes). The preparation was then washed
continuously with cold HL3 containing 0 mM Ca2+ for 15 min. For the unload-
ing of FM, synapses were stimulated with HL3 containing 60 mM KCl, 15 mM
NaCl, and 2 mM Ca2+ for 5 min. The preparation was then washed a second
time in cold HL3 containing 0 mM Ca2+, continuously for 15 min.
Immunocytochemistry
Polyclonal clathrin-light-chain antibody was generated by Cocalico Biolog-
icals with a full-length Drosophila clathrin-light-chain-GST fusion protein.
Preparations were fixed with 4% paraformaldehyde for 25 min and incu-
bated overnight with the clathrin-light-chain antibody at 1:1000 in phos-
phate-buffered saline with Triton-X (PBT) with 2.5% normal goat serum at
4C. Other primary antibodies used were anti-Brp (used at 1:20, from the De-
velopmental Studies Hybridoma Bank) and rabbit anti-Discs-large
(1:10,000). In these experiments, larval fillets were fixed in Bouin’s fixative
(Sigma) for 2 min and incubated with primary antibody overnight at 4C.
Secondary antibodies (Alexa Fluor 555 and Alexa Fluor 488) and Cy5-conju-
gated anti-HRP antibodies were obtained from Jackson labs and used at
1:600 overnight at 4C.
Supplemental Data
Two figures are available at http://www.current-biology.com/cgi/content/
full/18/6/401/DC1/.
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